The adenovirus fiber protein is used for attachment of the virus to a specific receptor on the cell surface. Structurally, the protein consists of a long, thin shaft that protrudes from the vertex of the virus capsid and terminates in a globular domain termed the knob. To verify that the knob is the domain which interacts with the cellular receptor, we have cloned and expressed the knob from adenovirus type 5 together with a single repeat of the shaft in Escherichia coli. The protein was purified by conventional chromatography and functionally characterized for its interaction with the adenovirus receptor. The recombinant knob domain bound about 4,700 sites per HeLa cell with an affinity of 3 x 109 M-1 and blocked adenovirus infection of human cells. Antibodies raised against the knob also blocked virus infection. By gel filtration and X-ray diffraction analysis of protein crystals, the knob was shown to consist of a homotrimer of 21-kDa subunits. The results confirm that the trimeric knob is the ligand for attachment to the adenovirus receptor.
Human adenovirus is an icosahedral, nonenveloped, doublestranded DNA virus. Although primarily trophic for human respiratory epithelium, adenovirus type 2 (Ad2) and AdS of subgroup C promiscuously infect a broad range of mammalian cell types, presumably reflecting essentially ubiquitous expression of a specific cell surface receptor. This has led to a renewed interest in the use of recombinant adenovirus vectors for gene transfer into somatic cells both in vitro and in vivo. However, relatively little is currently known about the molecular basis of adenovirus infectivity. The first step in infection of mammalian cells by adenovirus is the recognition and attachment of virions to cell surface receptors in a specific and saturable manner. Ad2 and Ad5 apparently utilize the same receptor protein, although there is a different receptor for the subgroup B viruses, Ad3 and Ad7 (3) . Previous studies of the virus-cell interaction have primarily used the affinity of the intact virus or its attachment protein for the detection of receptor binding. The affinity of the virus attachment protein for the receptor has also been used as an affinity purification step during attempts to purify the receptor (9, 18, 28) . The receptor has been identified as a cell surface glycoprotein of variable molecular weight. Polypeptides with affinity for adenovirus fiber with Mrs of 42,000 (28) , 78,000, 42,000, 34,000 (9) , and 75,000 (18) have been reported. Despite these numerous studies, the identification of the adenovirus receptor protein remains an active area of research.
Recently, integrins have been implicated in the internalization of adenovirus, although these molecules are not initially involved in the specific attachment of the virus to the cell surface (7, 31) . The penton base protein, which associates with fiber and forms the vertex of the icosahedral virus capsid, appears to interact with the integrin via an Arg-Gly-Asp (RGD) peptide motif that is found in a number of cell matrix molecules and is responsible for cell adhesion (1, 31) . How the integrin and primary virus receptor are associated on the cell surface remains unknown.
Adenovirus binds to its cell surface receptor via the fiber protein component of its capsid, since purified fiber specifically blocks virion attachment to cells (21) . Further, although the fiber protein is nonessential for virion assembly, fiber-deficient capsids are only slowly adsorbed to cells, suggesting that the binding process is dependent on fiber (6) . Structurally, the adenovirus fiber protein has been proposed to consist of three domains: an NH2-terminal tail which associates with the penton protein; a 15-residue motif repeated six times in Ad3 (26) or 22 times in Ad2 and AdS (8) that constitutes the shaft of the fiber; and a COOH-terminal globular domain, termed the knob, which has been assumed to be the ligand for binding to the adenovirus receptor (21) . This structure is supported by both electron microscopy and X-ray crystallography (4) . The subunit structure of the fiber protein has been variously proposed as a dimer (8) or trimer (23, 27) on the basis of structural models and limited structural data from crystals. However, the best available evidence is based on the polypeptide composition of purified virions and suggests that it is a homotrimer (29) .
To distinguish between these two alternatives and to verify that the knob is the domain which interacts with the cellular receptor, we have cloned and expressed the knob domain together with a single repeat of the shaft (henceforth called knob) in Escherichia coli. The protein has been purified, and we have functionally characterized the protein for its interaction with the adenovirus receptor. The recombinant knob domain binds about 4,700 sites per HeLa cell with an affinity of
MATERIALS AND METHODS
Expression and purification of knob. Cloning of the knob domain was accomplished by PCR amplification using cloned AdS DNA (pJM17 [15] ) as the template and specific oligonucleotides designed to facilitate the insertion of the PCR product directly into a bacterial expression vector. The sequences of the oligonucleotides used were CCCGAATTC TATGGGTGCCATTACAGTAGGAAA (5' oligonucleotide) and CCCAAGCTTATTCTTGGGCAATGTATGA (3' oligonucleotide), which are partially complementary to specific Ad5 fiber sequences (2) . The positions of the ATG start and TAA stop codons within the oligonucleotides are underlined. Following the ATG start codon, the 5' oligonucleotide overlaps those sequences encoding GAITVGN, which corresponds to the first seven residues of the 22nd repeating motif proposed by Green et al. (8) for the shaft of the fiber protein (see Fig. 1 ). The 3' oligonucleotide is complementary to the last six residues of the knob domain, SYIAQE. Following amplification, the PCR product of approximately 600 bp was phenol extracted, phenol-chloroform extracted, and ethanol precipitated prior to digestion with EcoRI and HindlIl and directional ligation into EcoRI-HindlIl-digested pBEVpL. pBEVpL is a bacterial expression vector which contains a trpE promoter upstream of a pUC19 polylinker from EcoRI to HindIII in a pBR-derived plasmid backbone. E. coli TG-1 cells were used as the host strain. A clone containing the appropriate recombinant plasmid was identified by restriction enzyme digestion done according to standard techniques (24) . Expression of the knob from this vector was induced by growth in modified M9 medium for 20 to 24 h with tryptophan starvation in the late stages of growth, as previously described (25) .
Extraction of the knob domain from E. coli as a soluble protein was accomplished by lysozyme treatment of the bacteria and subsequent additions of NaCl to 0.2 M and the nonionic detergent Nonidet P-40 to 0.5%, as previously described (25) . Viscosity due to chromosomal DNA release was reduced by DNase I digestion in the presence of 2 mM MnCl2, and the cell wall debris was removed by centrifugation at 13 The irrelevant ligands consist of the fusion of glutathione S-transferase (GST) with the 39-kDa receptorassociated protein (GST-39K RAP) and GST alone. They were prepared as described previously (11) and were kindly provided by Joachim Herz. Cells were subsequently infected by adding approximately 400 PFU of adenovirus (titers were determined by binding for 1 h at 37°C in a plaque assay) in DMEM-2% FBS to the plates. The cell monolayers were incubated at room temperature for 30 min to allow virus adsorption. The medium was aspirated, and the monolayers were washed once with DMEM-2% FBS to remove unabsorbed virus and then overlaid with 6 ml of a 1:1 mixture of 1.3% Noble agar (Difco) and 2x MEM (GIBCO-BRL) supplemented with 4% FBS. After incubation at 37°C for 7 to 10 days, the extent of inhibition of viral infectivity was determined by counting viral plaques.
The second method of assessing viral infectivity involved infection of cells with an adenovirus vector that expresses firefly luciferase from the cytomegalovirus (CMV) promoter (AdCMVLuc [10] ). The expression of luciferase activity in cultured cells infected with this virus is directly proportional to the number of infecting virus particles, as previously reported for adenovirus expressing luciferase from the mouse mammary tumor virus promoter (16) . HeLa cell monolayers on a 24-well plate were washed once with phosphate-buffered saline (PBS) and preincubated with 0.25-ml samples of knob or irrelevant ligand diluted in PBS for 10 min at room temperature to allow receptor binding. After ligand binding, cells were infected by the addition of approximately 106 PFU of AdCMVLuc diluted in 0.25 ml of DMEM-4% FBS to the wells and incubation at room temperature for 30 min. Monolayers were washed once with DMEM-2% FBS and incubated with 1 ml of DMEM-2% FBS containing 50 ,ug of penicillin per ml and 10 ,ug of streptomycin per ml for 48 h at 37°C to allow luciferase expression. Cells were lysed, and soluble extracts were assayed for expressed luciferase activity as previously described (5) .
Knob binding to cell monolayers. Iodination of knob was accomplished by incubating 500 jig of purified knob, 50 ,ug of lodogen, and 500 ,Ci of "'I for 20 min at room temperature.
The labelling reaction mixture was subsequently passed over Bio-Gel P-10 to remove unincorporated iodine. The specific activity ranged from 500 to 800 cpm per ng of protein.
For the receptor-binding assay, HeLa cells grown on a 24-well plate were washed once with PBS. Two wells were trypsinized and counted with a hemocytometer in order to determine the total number of cells per well. The remaining wells were fixed for 10 min at room temperature with 0.5 ml of 1% formaldehyde diluted in PBS and then washed three times with PBS. Fixation with 0.25% glutaraldehyde has also been used with equivalent results, as previously reported (20 crystal-to-image plate distance was set to 80 mm with an oscillation angle of 30 for each image. The Xuong-Hamlin detector data were processed with the XDS program package (12, 13) , and the R-AXIS data were processed with the R-AXIS oscillation film-processing package (22) .
RESULTS
Cloning, expression, and purification of the knob domain. PCR amplification of Ad5 DNA yielded a fragment of approximately 600 bp which corresponds to 181 residues of the knob domain and a single 15-residue repeat of the shaft of the fiber protein (Fig. 1) . This region was chosen for heterologous expression for two reasons. First, we wanted to express the knob domain and use it in functional assays to verify its proposed role as the ligand for adenovirus attachment to the cell surface receptor. Second, we wanted to express at least one of the 15-residue a-repeat motifs that constitute the shaft domain for structural reasons. Since the repeats might be necessary for proper folding of the subunits of the fiber into a trimer, we reasoned that inclusion of at least one repeat might be sufficient for this purpose. Additionally, we hoped that crystallization and X-ray structure deteim ination of the knob would be possible. If the inclusion of one repeat was sufficient for proper folding of the shaft, then this structure might be amenable to X-ray diffraction analysis.
The DNA fragment was directionally cloned into a bacterial expression vector containing the trpE promoter. Upon amino acid starvation of the bacterial culture in the later stages of growth in minimal medium, the knob domain was efficiently expressed in E. ccli and was readily extracted as a soluble protein. As Fig. 2 (Fig. 2) .
Gel filtration of purified knob on a Superdex 75 column was performed in order to estimate the molecular weight of the knob domain in solution by comparison to the purified protein standards BSA, ovalbumin, and lysozyme. SDS-PAGE was performed with individual fractions across the elution profile to determine the precise elution volume of the individual protein species. The Coomassie blue-stained gel is shown in the inset of Fig. 3 (top) . Densitometric analysis of a photograph of the gel was performed and is shown in Fig. 3  (bottom) . This Fig. 4A . Preincubation of the monolayer of 293 cells with recombinant knob domain blocked adenovirus infection by over 90%. This block was dependent on the concentration of knob in the medium, with half-maximal inhibition of infectivity occurring at a concentration of about 0.04 jLg/ml. In contrast, the irrelevant ligands, recombinant GST and GST-39K RAP, showed no effect on adenovirus infectivity, and this indicates that the binding of knob to the adenovirus receptor on the cell surface is specific. These results also suggest that the adenovirus receptor and the LRP/ot2-macroglobulin receptor (known to bind GST-39K RAP with high affinity [11] ) are distinct proteins.
Alternatively, with cells infected by a recombinant adenovirus vector harboring a gene encoding the firefly luciferase driven from the CMV immediate-early promoter, the number of infecting adenoviruses can be measured indirectly by quantitation of expressed luciferase enzyme activity. With human HeLa cells preincubated with knob to allow receptor binding, inhibition of AdCMVLuc infectivity was also observed (Fig.  4B) . Again, the inhibition was dose dependent with halfmaximal inhibition of infectivity occurring at 0.1 jLg/ml, and the irrelevant ligand, GST protein, showed no effect on adenovirus infectivity.
Knob binding to HeLa cell monolayers was quantified by Scatchard analysis (Fig. 4C) Crystallization of the knob and preliminary X-ray diffraction analysis. Crystallization of the knob and preliminary X-ray diffraction analysis were performed as a prelude to determination of the tertiary structure. The knob protein at a concentration of 7 mg/ml was easily precipitated with 30% (NH4)2SO4 at pH 7.5. Several different crystal forms were observed under this condition. By the microcrystal seeding technique, large crystals of >0.5 mm were routinely obtained. Shown in Fig. 6A is a photograph of a single knob crystal about 1 mm in each dimension produced by this technique. This crystal form, which is cubic, diffracted very well to 2-A (0.2-nm) resolution. Figure 6B shows a still photograph of the diffraction pattern obtained from the crystal shown in Fig. 6A . The photograph was taken with one of the crystal axes roughly parallel to the X-ray beam. Diffraction spots were clearly observed at the edge of the film, which corresponds to 2-A (0.2-nm) resolution. Precession photography showed that the crystal possesses both twofold and threefold symmetry axes, indicating a possible cubic space group. A native data set was collected with both the Xuong-Hamlin multiwire area detector and the Rigaku R-AXIS image plate system. The systematic absence of every second reflection along the reciprocal lattice axis indicated the presence of a twofold screw axis. The refined cell dimensions (19, 20) . More recently, high-affinity fiber binding to HeLa cells was determined to have a Kd of 1.7 nM and only 16,000 sites per cell (31) . Therefore, both the number of high-affinity knob binding sites (4,700) and their affinity (3 x 109 M-1) for the receptor determined by our experiments are within the experimental range of values obtained previously for adenovirus and fiber binding to HeLa cells. Our data, however, do not rule out the existence of a large number of lower-affinity receptors for knob.
Antibody binding to the knob domain of fiber was shown to interfere with adenovirus attachment to cell membranes. The neutralizing activity that we observed using the rabbit antibody to the knob domain is significantly higher than that obtained previously with antibody to whole fiber (30) . This may be due in part to the additional purification of the antibody on the knob-agarose column that we performed. However, antibodies raised against the whole fiber that are directed against the shaft or amino-terminal tail may not sterically interfere with the ability of adenovirus to recognize its receptor, whereas antibodies raised against the knob domain would be more likely to do so.
The knob has been structurally characterized by gel filtration chromatography. Comparison of the elution behavior of the knob with molecular weight standards suggests that the knob exists in solution as a trimer of 21-kDa subunits. Although there are two cysteine residues in each monomer, the chro- behavior was unaffected by reduction of the protein with mercaptoethanol (data not shown). This suggests that disulfide bonds are either not present or are unimportant to the trimeric nature of the globular knob. The existence of the knob in solution as a trimer suggests that the individual monomers self-associate in the absence of 21 of the 22 repeating protein motifs of the shaft normally found in the Ad5 fiber. The data are consistent with the possibility that the trimeric assembly of the fiber protein is energetically driven by the association of the individual globular subunits of the knob, as previously predicted (8) .
A trimeric arrangement of monomers in the knob is also supported by the preliminary X-ray diffraction analysis of crystals of purified knob. The knob crystal has the symmetry of space group P213, which implies 12 symmetry-related molecular units. In addition, the P213 space group requires four threefold crystallographic axes, suggesting four trimers in one crystal unit cell. The Matthews' coefficient for the knob crystal is 2.56 A3 (0.00256 nm3)/Da. With 12 monomers in the unit cell, the solvent volume analysis excludes a possible dimeric arrangement of monomers. This was confirmed by structure analysis, which clearly showed three discrete monomers. The complete crystallographic analysis and structure determination will be published elsewhere (32) .
The availability of crystals of the recombinant knob which diffract to high resolution allows the structure of the knob domain of the fiber protein to be determined. The structure will provide insight into the nature of the interactions of the subunits of the trimeric knob and may also provide hints as to the interaction of the knob with the adenovirus receptor. The structure will also serve as a rational guide for site-directed mutagenesis to alter the interactions of knob with the adenovirus receptor and characterize in detail the molecular interactions of the two proteins.
